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Abstract

Manufacturing companies are faced with the chabeofyunpredictable, high frequency market changesoith local and
international markets. There is a need for greateore effective responsiveness by manufacturerchiange their
manufacturing processes. Many manufacturing tectesigare based on the principles of Flexible Marufagy and
Dedicated Manufacturing for mass production. Recuméible Manufacturing System, (RMS), is a manufaogusystem
that can provide for Agile Manufacturing, (AM). Bhihas lead to research on the concept, design quibneent
implementation for RMS. RMS requires three key cdjiagds: rapid changeover between products, rapicduction to new
products and unattended operation. The relationflgfwveen these manufacturing techniques has beesstigated.
Research has been focused on the design of RecaiflguModular Machine, (RMM), for RMS. The researcts ha
addressed the design of subsystems for RMM by usiaggeneric modular mechatronic control. This apphoincludes
modular machine controller hardware, software, rmaatal design and generic “plug-and-play” capapilithese design of
subsystems allowed for rapid reconfiguration of RNt increased system efficiency and significantiinimized
manufacturing change over downtime.
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1 Introduction

Manufacturing companies of today are faced withdha&llenge of unpredictable, high frequency mackeinges

in both local and international markets. There imeed for greater, more effective responsiveness by
manufacturers to change their manufacturing presess Mass Customization Manufacturing, (MCM). Eher
are some manufacturing techniques used that aredbas the principles of Flexible Manufacturing and
Dedicated Manufacturing production [3]. To fulfildse purposes, the concept of Reconfigurable Matwfag
System, (RMS), was introduced and it has three dagabilities: rapid changeover between producisidra
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introduction to new products and unattended oparafihe relationship between these manufacturicignigues
is illustrated in Figurel. RMS falls within the g of Agile Manufacturing, (AM). AM requires the auof
technologies that can be used to manufacture aadkcproduct quality within a variety of family procts
without extensive retooling.

Research has been focused on the design of: madalztiine for reconfigurable machining system wiécbne

of subsystems and was integrated into a Computegrated Manufacturing (CIM) cell. The researchradsed
the design of subsystem of Reconfigurable ManufarguSystem, (RMS), by using the generic modular
mechatronic control approach. This approach indudeodular machine controller hardware, software,
mechanical design and generic “plug-and-play” céipab These designs of subsystem allowed for rapid
reconfiguration of reconfigurable machining systeait increased system efficiency and significantlgimized
manufacturing downtime.
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Fig. 1. The comparison of three kinds of manufantusystems [9].

The objective of this research project (as illustran Figure 1) were to develop some kinds of aatieah
machines. One is Reconfigurable Modular MachinéyikR, design for reconfigurable machining systemttha
was able to Mass Customization Manufacturing, (MCMYyeconfigurable machining system design was $edu
on three key characteristics: decomposition, statiziztion and exchangeability. This subsystem veagrolled
by a generic modular mechatronic control systengdeghe control system allowed for the operatidditferent
subsystems within RMS.
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Fig. 2. Diagrammatic Representation of Agile MasstGmization Manufacturing Environment

Figure 1 describes the four integral componen®, (®, ®and®) leading to the implementation of

reconfigurable manufacturing, as well as outlinittge core principals of Agile MCM environment. The
market/customer requirements are those of custordenm@aroducts manufactured in a mass production
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environment. The finished product should be contpeti (low cost), and have exceptional quality ginals.
Different automated machines can be reconfigurébléo multiple tasks for production of various asbées.
These automated machines consist of different stdasg which are the key components of the RMS.

The generic modular mechatronic control system ubeti motion and communication design and
implementation. This allowed the subsystems carcdigrolled automatically via PC level programmiry.
generic “plug-and-play” system should provide tlaeility for control to be interchangeable with vars
automated machines. This produced uniformity ambtigs machines and reduced the downtime in cases of
malfunction.

2 RMM design for RMS

To realize this concept of Reconfigurable Manufen System RMM must fulfil various functions thigluthe
combination of distinct building blocks, modulet;.e/arious modular machines have been proposedoaels
and built up machines. These are illustrated infeic.

(a)Two axis configuration (b) Three axis configimat(c) Initial configuration (d) After reconfigutian

Fig. 3. Few configurations of the prototype modutechines [13].

The purpose of the design of the reconfigurablehimiing system was to provide the capacity and fonelity

for the machining operation. The core engineeringthod needed for machine-level design was that of a
systematic design of modular machines. [5] Thegtesif the machine utilized a library of machine mied
which provided a platform for fundamental motiorablsis. A set of RMMs could be connected togetler t
generate the new type of machining system: recordlgle machining system.

There were three key aspects for the design ofntbdular machine: manufacturing requirements, céntro
requirements and mechanical requirements.

2.1 Manufacturing Requirements

€ Dedicated Manufacturing System, (DMS): Designed farrowly defined production requirements
(normally one part at large volume) that are supdds remain constant over the lifetime of the maiol
system. This system is custom-designed to machisgeaific set of features at a constant cycle tilne.
would not cost-effectively accommodate the rapahginges in production requirements.

€ Flexible Manufacturing System, (FMS): Designed foosely defined production requirements that are
supposed to significantly change in an unknown raaorer time. FMS often has the excessive capamity
fulfil the undefined production requirements whigduses the customer to pay for unneeded capailitie

€ Reconfigurable Manufacturing System, (RMS): Desirfer MCM requirements, it cost-effectively
combines the attractive feature of DMS and FMSusbiperformance and the ability to accommodate new
production requirements. The RMS is structured Isgrdes of modular machines which can be changed of
the machining operations during a short time aral latv cost so that the whole RMS can meet thedhapi
changing market requirements. [12]

2.2 Manufacturing Requirements
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¢ CNC controllers:  Typical CNC controllers possesmprehensive architectures (hardware and
software) to provide processing flexibility; howeveot all of the built-in functionality may be used
Furthermore these components cannot be cost-efgctupgraded because of the unnecessary costs are
incurred due to software development, installatiod maintenance.

4 RMM Controllers: Design based on the concept ofneprehitecture. In open-architecture control, both
software components and hardware components arelanod his generic modular mechatronic controller
for modular machine allows the machine can be régared when market/customer requirements change
or new technology becomes available [5].

2.3 Mechanical Requirements

Designed for a machine to meet the productivity gudlity demands of an operation, it must fulfivariety of
requirements including the ability to produce tpedfied motions and satisfy the part toleranceciigations.
There are two key aspects during the mechanical-ldesign of modular machine: Kinematic Viabilitpda
Structural Stiffness [7]. Good kinematic viabilitgakes the machine perform the various motions requio
produce the needed features. Reliable structuffdests of machine can decrease the possibilitgesfmetric
errors.

Examples of part family from the market/customeyuieements are as in Figure 4:

Fig. 4. Part family : two kinds of engine blocks.

A CAD/CAM software package (Unigraphics) was usegrtoduce a module library. According to the differ
market/customer requirements, different prototypgsnodular machines were designed and analysethan t
virtual computer environment. It is showed in Figbr.

Fig. 5. MRG modular machine conceptual design.

According to the conceptual design, MR2G researobum built a real modular machine with modular
mechatronic control system. The RMM is assemblethfa module library in the computer environment asd
modular structure (in both hardware and softwallejva is to be converted in a cost-effective metkdten the
market/customer requirements change. RMM has faocipal motion systems: Automatic Part TransfestSgn
(APTS), Automatic Part Clamping and Rotating Sys{&RC/RS), Automatic Part Lifting System (APLS),dan
Automatic Tool Changing System (ATCS). The inteigrabf four motion systems enables the RMM to maehi
the similar part from the part-family without extérely changing the machine structure.The followfiggires
show the different components of MR2G RMM.
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Fig. 9. Modular mechatronic controller card andecias RMM

3  RMSfor Mass Customization M anufacturing

3.1 Mass Customization Manufacturing (MCM)

With significantly shortened product life cyclesamufacturers have found that they can no longetucamarket
share and gain higher profit by producing largeuna#s of a standard product for a mass market. Ssidoe
manufacturing requires the adoption of methodsustamer-acquisition and order-fulfilment procestes can
manage anticipate change with precision while mliog a fast and flexible response to unanticipateainges
[2]. Many companies are confronted with the chajienf changing their strategic orientations to nusghands
of the current market place. Mass Customization Waturing, (MCM), is a solution to this challenge.

Mass Customization Manufacturing (MCM) has beemigai recognition as an industrial revolution in @iest

century. Just as mass production was crucial toufaaturing in the 20th century, MCM will be the kéy

economic growth in the 21st century as shown imfedO.
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Fig. 10. From Mass Production to Mass Customizai\b@)

The concept of MCM was first expounded formallythie book “Future Perfect” by Stanley M. Davis irBI91n
1993, Joseph Pine gave MCM a clear definition afrategy that sought to exploit the need to supgarater
product variety and individualization [10]. The ¢a@h MCM is to produce and deliver customized produat
mass production costs and speed.

In recent years, advantages in Computer Aided Dd$§ié\D), Product Data Management (PDM), and compute
network control technologies have made mass custdion no longer legend, but closer than ever [T8je
word “personalization/customization” will take onoma applications: personal families, personal fefmbd
designed to maximize custom diet needs), persdoiiicg (clothing sized to individual bodies antf@ated to
personal climate and skin needs), and personabofmes-designed) cars [1]. MCM competent manufactuvéll
enjoy superior market share and greater profit maygand it is the promise of these economic ingesatthat
will compel other manufacturers to move to MCM sewotihan later.

3.2 RMS for MCM

There are many challenges for MCM, the followinge anportant: 1) keeping costs low to match thoke o
standardized items, 2) achieve high quality pradacof high variety of products, 3) making thes@dircts
available in a timely fashion to customers. Soritheo to fulfil mass customization, there are twee@ch areas
needed to be done: 1) Product Design For Mass @imdton (DFMC), 2) Manufacturing Systems design fo
MCM. In this research, we just address the designamufacturing systems for MCM.

A “responsive” manufacturing system is one that qaitkly reconfigure itself to allow flexibility rtoonly in
producing new products but also in changing theéesystself. Such systems will necessitate the ddaighly
sophisticated manufacturing systems that are flexéxtensible and re-usable. There are two comyemnehich
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are very important for the new manufacturing systelesign: 1) RMM design 2) generic modular mechmédtro
control systems.

The design of the new manufacturing systems for MiSMin extension of the customer-centered coneept i
fabrication. Success in MCM is achieved by swiftlgconfiguring operations, processes, and business
relationships with respect to customers’ individnakds and dynamic manufacturing requirements thus
critical to development a manufacturing system thidtachieve this goal. A competitive manufactyyigystem

is expected to have enough reconfigurablity to sadpto small batches of customer demand. Becauwse th
construction of any new production line is a laigeestment, current production lines must be ableé
reconfigured to keep up with increased frequencyeat product designs. In MCM, each unpredictabétufies
demanded by customers is considered an opportuwitgreas current system capabilities may not be &bl
support new customer requirements. The key to #@dgighe manufacturing capability successfully @ t
reconfigurable the system, developing and integgatiew functions when necessary.

4 PC-Based M echatronic Control for RMM

The complex nature of the motion interactions regflifor RMM to function correctly and efficientlygquired
the design of a motion control and function cooatiimy system. This section details the developnodra
control system for RMM that employed generic moduat@chatronics control approach.

The primary task of RMM is to perform automatedtpaachining functions in RMS. RMS is characterizsd
the large scale implementation of computer baselntdogies. RMM has been designed by using computer
based modular mechatronics control technology. Ttbknology facilitates the integration of RMM irRMS.

4.1 Interfacing Using the Eagle DAQ BoxRMS for MCM

The PC-based control system for the RMM was implget using an Eagle MicroDAQ Data Acquisition Box
USB-120A. This section summarizes the informationtained in the Eagle MicroDAQ Data Acquisition Box
USB-120A Users Manual and the EDR Software Develpé User Manual that is pertinent to the openatbf
the digital 1/0O functions of the Eagle MicroDAQ Ratcquisition Box USB-120A.

The MicroDAQ USB-120A is general purpose digitdD Iproducts for the USB bus. Based on the industry
standard 82C55 PPI device, it communicates withR@evia the USB bus featuring 120 TTL level digit@
lines. The I/O can be programmed in banks of &psts or outputs [15].

4.2 Interfacing Using the Pulse Width Modulation (PY#N4Bridge Controller

The Pulse Width Modulation (PWM) principle utilizeeopper type circuits. The principle operates jpylyng

the full supply voltage to the motor for short mdf variable duration. This is done by timing gpening and
closing of high frequency switch. In practice a poWIOSFET (Metal-Oxide Field-Effect Transistor)used to
do this switching. A signal similar to the wavefodasired across the motor is sent to the gateeoMOSFET,
which is either open or closed with the signaltsogiate being high (~11V) or low (~0V).

The value of the average voltage applied to theomistvaried by adjusting the ratio of the timetttree ‘switch’

is closed to the period of the switching. Advantagéthe chopper circuit are that losses in a MGSEHRust as
in any semi-conductor, are less when operated @nsttiurated region as compared to operation itfirlbar

region. This results in lower losses such as digigip of energy as heat from the driver circuit deads to
improved on-board battery life.

The timing circuit which controls the switching thie transistors has small currents and negligiblegp passing
through it and so does not suffer from heatingatéfesuch as drifting. Drifting occurs because patans like
current amplification are highly dependant on terapee and also differ from transistor to transisto

In practice, a frequency of over 15KHZ must be ul®dthe switching circuits as at lower frequencmstor
operation will not be smooth and audible noise bélapparent.
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The disadvantage of the PWM circuit is that it dnesprovide for direction reversal of the mototatmn. This
would have to be done by a separate circuit usirigoable-Pole Double-Throw (DPDT) relay configured
specifically for polarity changing of the voltagedfto the motor, or by combining PWM with an H-iged
circuit. A basic H-bridge has 4 switches or tratmisthat form a circuit to drive a motor.

Since each of the four switches can be either @pasiosed, there are 24 = 16 combinations of swstettings.
Many are not useful and in fact, several shoulgbsEded since they short out the supply curremt. (&1 and
B2 both closed at the same time). There are foonbamations that are useful, ref Table 1.

Table 1. Switch position for forward and reversenbmation.

Closed Switches Polarity Effect
Al & A2 Forward Motor spins forward
Bl & B2 Reverse Motor spins backward
Al & B1 Brake Motor acts as a brake
None free Motor floats freely

The H-Bridge driver circuit (ref Figure 11.) overnes this by utilizing a push-pull approach. Thexetao logic

level inputs to the H-Bridge circuit, A and B. ifgut A is made high while input B is held low, out® A goes
high which then drives the motor in one directitirinput B is made high while holding A low, outpBt goes
high and drives the motor in the opposite directibiboth inputs are kept low, the motor is notvén and thus
delivers no torque. To perform speed control, pwitth modulated signals must be provided to thmuis of

the circuit. This results in the output to the midimlowing the waveform of the PWM input, resufjinn the

required speed control. Thus, the H-Bridge driviecuit with PWM inputs obtains speed as well agdiion

control using only solid-state electronics.

Since the circuit uses Darlington power transistord current must flow through two transistorsywand losses
are typically 1 to 2 volts. This is a significartlivdrop when the maximum supply voltage is only/12
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Fig. 11. H-Bridge Driver Circuit [9].

5 Performance Analysis of the RMM

The efficient functioning of the RMM is dependent the ability of the four motion systems to repdbte
position either the tool or the work piece at psecliocations whilst remaining within the boundsacturate
tolerances. The chapter presents the mathematmadélsndeveloped to describe the expected modesafia

the separate motion systems. The positioning toteraf the separate motion systems is determirad the
overall measurement accuracy requirement of the RMKEe performance testing and analysis of the four
separate motion systems are reviewed individuallgedow:
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[0 the efficiency of the APTS to move the partsrfrbback the conveyor and to position parts onARES.

[0 the efficiency of the APC/RS to clamp the p&msn the APLS and to rotate the parts as requirggea

00 the efficiency of the APLS to move the partshte required height.

[0 the efficiency of the ATCS to move the tool Hooxm X-Y-Z axis and to position the tool at thehriglace

on the parts.

The operational speed of the separate motion sgsténihe RMM was tested and average operation times
been evaluated. The overall time optimized openatiothe RMM is largely dependent on the speedpefration
of the separate motion systems. An analysis obfferation times if the individual motion systemsedmines
the components of the overall processing time fer RMM thereby illuminating the systems that reguir

optimization.

The operational time analysis for the APTS was qreréd by monitoring the time required to finish two

functions: Function 1 and Function 2.

Table 2. The results recorded from the operatioe tinalysis performed on the two functions of APTS

Test No. Function 1(s) Function 2(s)
1 55 54
2 52 54
3 57 53.3
4 53.5 55
5 55 55

The operational time analysis for the APLS was qreneéd by monitoring the time required to finish two

functions: Function 1 and Function 2.

Table 4. The results recorded from the operatior tinalysis performed on the two functions of APLS

Test No. Function 1 Function 2
1 9.6 8.5
2 9 9
3 10.1 8.6
4 9.5 9.1
5 10 9

The operational time analysis for the ATCS was graned by monitoring the time required to finish two

functions: Function 1 and Function 2.

Table 6. The results recorded from the operatior ainalysis performed on the two functions of ATCS

Test No. Function 1 Function 2
1 2.1 15
2 1.9 2
3 2 1.8
4 2.2 21
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6 Conclusion

The RMM has been developed as a reconfigurablehbd@@d technology that implements modular mechanical
structure and modular mechatronics control systehe RMM was developed using an alternative modular
design approach, including modular mechanical sirecdesign and modular mechatronics control system
design, which resulted in the separate developroéfibur motion systems used to implement the adednc
reconfigurable manufacturing. The coordinated a#on of the APTS, the APLS, the APC/RS and theCAT
enables the RMM to position the work piece at igatrplace and then accurately position the tootrenwork
piece and machine it from multiple sides.

The RMM was developed as an autonomous technolagyrmplements a PC-based digital I/O control sysie
control, sequence and coordinate the interactiaghefour motion systems to perform the standaatimes were
developed and coded in Microsoft Visual Basic 6 (8)B The graphical user interface with which the RN&

operated was also developed in VB 6. The struaifithe digital I/O system and the development ef ¢bntrol
algorithms implemented for the RMM were discussed.

The RMM has been developed as an in-line techndleggycould be able to perform in-process verifaratasks
in the reconfigurable agile manufacturing environm&he RMM was therefore developed to exhibit ghhi
level of reconfigurability in its capability to iegrate with RMS. The two key design factors thatrgaotee this
level of reconfigurability are the modular mechahistructure and the modular mechatronic contrstesy. The
combination of these factors results in simplegra&on, or relocation, of the RMM in the RMS.
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